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ABSTRACT 


The  Department  of  the  Army  has  expressed  a  need  for  the  determina¬ 
tion  of  the  operational  hit  probabilities  of  several  weapons  systems  in 
use  throughout  the  Army.  These  hit  probabilities,  together  with  lethal¬ 
ity  models,  should  yield  predictions  of  the  effects  such  systems  will 
have  under  various  conditions  of  combat. 

In  this  thesis,  operational  hit  probability  (OHP)  is  defined  as  the 
probability  that  the  center  of  impact  of  a  volley  of  artillery  fire  will 
fall  within  a  specified  distance  of  the  center  of  an  area  target.  A 
general  experimental  methodology,  which  could  be  used  to  estimate  OHF's 
(under  simulated  combat  conditions)  for  a  field  artillery  weapons  system, 
is  presented.  More  specif lcally,  an  approximate  Chi-square  distribution 
of  squared  redial  miss  distance  is  suggested  for  estimating  OHP's.  A 
method  of  using  accuracy  data  from  Army  Training  Tests  to  estimate 
required  eample  sixes  for  the  experiment  is  proposed. 
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CHAPTER  I 


INTRODUCTION 

Since  the  effectiveness  of  a  weapons  ays tea*  nay  ultimately  be 
determined  by  engaging  the  enemy,  it  is  desirable  to  obtain  quantita¬ 
tive  data  regarding  measures  of  effectiveness  from  actual  combat 
eituatf- — ,  possible.  Unfortunately,  for  various  reasons,  it  is 

usually  not  possible  to  obtain  operational  (combat)  data.  It  is  common, 
therefore,  to  resort  to  field  experimentation,  wherein  the  pertinent 
variables  are  observed  under  simulated  combat  conditions.^  The  vari¬ 
ables  observed  in  a  field  experiment  can  then  be  used  to  estimate 
operational  parameters.  These  estimates  may  be  useful  in  applications 
to  actual  co abet  situations,  provided  the  experiment  la  carefully  de¬ 
signed  and  conducted. 

The  accuracy  requirements  of  any  weapons  system  depend  upon  the 
misslon(s)  to  be  performed  by  the  system.  For  e  Field  Artillery  Cannon 
Weapons  System  (hereafter  referred  to  ea  e  HFA  Weapon  System") ,  the 
mission  may  be  the  complete  destruction  of  e  point  target,*  the  neutral¬ 
isation  or  partial  destruction  of  an  area  target,*  or  simply  the 
harassment  or  interdiction  of  a  target  for  a  given  period  of  time.2 
The  destruction  mission  is  performed  by  a  single  gun,  with  am  ©b.-rver 

*A11  terse  with  asterisks  are  defined  in  Appendix  A. 

^George  B.  Kimball  and  Philip  N.  Horae,  Methods  of  Operations 
Research  (Mew  York:  John  Wiley  and  Sons,  Inc.,  1951),  p.129. 

2IM  6-40.  Field  Artillery  Cannon  Emmery  (Washington:  Department 
of  the  Army,  October,  1967),  p.  27-2. 


initiating  the  adjustment  and  continuing  until  the  target  destruction 
has  been  completed.  The  harassment  mission  does  not  require  a  high 
degree  of  accuracy;  indeed,  it  is  usually  fired  at  "map-spotted" 
coordinates.  Although  the  interdiction  mission  requires  a  greater 
degree  of  accuracy  than  the  harassment  mission,  interdiction  fire  is 
usually  of  low  intensity  when  compared  to  neutralisation  fire.  In 
more  than  half  of  the  artillery  missions  of  World  War  II  (for  which 
data  are  available),  multiple  guns  were  employed  to  neutralise  area 
targets.^  We  shall  consider  only  neutralisation  missions  in  this 
paper,  and  we  shall  uae  the  artillery  battery,  under  battalion  control, 
as  the  basic  firing  element. 

The  purpose  of  this  thesis  is  to  propose  an  experimental  method¬ 
ology  for  determing  the  operational  hit  probabilities  of  a  FA  Weapons 
System  and  to  investigate  other  factors  pertinent  to  the  operation  of 
such  a  system.  We  define  operational  hit  probability  (OHP)  as  the 
probability  that  the  canter  of  Impact  (Cl)  of  a  volley*  of  artillery 
fire  will  fall  within  a  specif lad  distance  of  an  aiming  point  (usually 
the  center  of  an  area  tarts t) .  Defined  as  such,  OHP  is  one  of  many 
possible  measures  of  effective oess  for  a  FA  Weapons  System.  It  has 
not  yet  been  determined  whether  OHP  is  a  "good"  measure  of  effective¬ 
ness  or  whether  it  can  be  accurately  estimated  at  a  "reasonable"  cost. 
Such  determinations  should  be  made  prior  to  conducting  extensive 
experiments  with  FA  Weapons  Systems. 

iJ.  D.  Love,  et  al.,  Artillery  Usaas  in  World  War  II  «),  Volume  II 
(OB0-T-375,  April.  1959),  p.  133. 
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The  information  gained  by  conducting  experiments  to  measure  the 
OHP's  of  various  FA  Weapons  Systems  could  be  useful  in  sway  ways. 

OHP's  could  be  combined  with  conditional  lethality  models  to  produce 
unconditional  lethality  models.  Such  information  would  increase  the 
effectiveness  of  FA  units,  since  artillery  commanders  would  be  better 
able  to  select  the  most  appropriate  weapons  system  for  attacking  a 
particular  type  of  target.  More  effective  employment  of  7A  units  and 
batter  fire  planning  should  result.  Additionally,  OHP's  should  be 
valuable  in  force  planning;  for  example,  in  determining  the  optimal 
mix  of  future  FA  Weapons  Systems  and  in  determining  trade-offs  between 
FA  Weapons  Systems  and  other  weapons  systems.  OHP's  could  be  used  for 
both  current  and  future  logistics  planning.  They  could  alao  provide 
military  war  goners  with  realistic  artillery  parameter  values  for 
future  war  games. 

A  Tabular  Firing  Table  is  published  by  Department  of  the  Army  for 
each  FA  Weapons  System.  Contained  in  these  tables  are  corrections  for 
non-standard  firing  conditions,*  as  well  as  values  of  probable  errors* 
in  range,  deflection,  and  height  of  burst.  These  probable  error 
values  are  a  measure  of  round-to-round  dispersion,  since  they  are 
caused  primarily  by  manufacturers'  tolerances  in  ammunition  and  the 
weapon  Itself.  As  such,  the  probable  errors  in  tits  Tabular  Firing 
Table  are  Inherent  errors.*  They  have  applications  primarily  «d»an  the 
weapons  are  fired  at  point  targets;  that  is,  in  destruction  misslooa. 

Since  we  have  restricted  our  discussion  to  multiple  weapons  firing 
neutralisation  missions  at  area  targets,  the  tabled  probable  errors 
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are  of  lictle  value  to  us.  We  oust  concern  ourselves  with  systems 
errors,*  which  are  attributable  both  to  Inherent  errors  and  to  other 
factors  such  as  variations  in  environment,  wear  in  the  weapon  systsm, 
and  huaan  errors. 

During  the  past  25  years,  several  attempts  have  been  made  to 
explain  the  system  errors  of  certain  FA  Weapons  Systems.  Examples  of 
such  attempts  are: 

1)  an  accuracy  study  of  various  artillery  weapons  systems,  based 
on  single  guns  firing  at  point  targets  during  the  Korean  conflict 

2)  a  study  to  determine  the  manner  in  which  huaan  errors  contri- 

2 

bute  to  the  total  errors  in  predicted  artillery  fire,  and 

3}  a  British  pamphlet  which  discusses  three  earlier  studies  cn 

3 

the  accuracy  of  unobserved  fire  in  combat. 

These  and  other  attempts  are  apparently  unsatisfactory  for  determining 
an  acceptable  measure  of  effectiveness  for  various  reasons.  For 
example,  some  of  these  studies  deal  only  with  the  attack  of  point  tar¬ 
gets,  while  others  are  based  on  data  resulting  from  conditions  which 
only  remotely  resemble  true  combat  conditions. 

There  is  little  doubt  that  the  failure  of  these  earlier  reports 
to  provide  a  good  measure  of  effectiveness  for  FA  Weapons  Systems  had 

^Thornton  Page,  et  al..  On  the  Accuracy  of  Unobserved  Art lllary 
Flra  (ORO-T-271,  April,  195A) . 

2 

Jesse  Orlanaky,  et  al.,  Human  Errors  in  Predicted  Artillery  Flra 
(0R0-T-113,  October,  1952). 

3 

Page,  oj>.  cit. .  pp.  25-29. 
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great  bearing  on  the  Department  of  Defense  decision  to  initiate  a  de¬ 
tailed  study  into  the  Tactical  Effectiveness  of  Weapons  Systems  (TEWS) 
in  1965.  The  purpose  of  the  TEWS  Program  is  to  develop  experimental 
nethodology  to  oeasure  system  effectiveness  for  all  Army  weapons 
systems  *  Large  costs  have  necessitated  a  pilot  study  for  the  TEWS 
Program,  and  Combat  Developments  Command  Experimentation  Command 
(CDCEC)  is  currently  working  on  this  pilot  study.  The  artillery  sys¬ 
tem  chosen  for  study  in  the  TEWS  Pilot  Program  is  the  155mm  howitxar, 
self-propelled  (M-109).  The  measure  of  effectiveness  to  be  determined 
experimentally  for  this  system  is  called  operational  hit  probability. 

In  the  TEWS  Pilot  Program,  operational  hit  probabilities  are 
described  as 

those  hit  probabilities  to  be  expected  when  weapon 
systems  ere  manned  by  troopa  who  ere  subject  to  the 
psychological  and  physiological  stresses  of  combat. 

Such  hit  probabilities  take  into  account  the  effacta 
cf  terrain,  climate,  and  seasonal  changes  as  well  as 
variations  of  tactical  situations,  e.g. ,  offense,  de¬ 
fense,  retrograde,  end  movement  to  contact.  Operational 
hit  probabilities  also  include  the  variations  inherent 
in  considerations  of  troop  fatigue  under  varying  combat 
conditions. 1,1 

It  should  be  noted  that  this  description  of  operational  hit  probabilities 
is  necessarily  vary  general  bscsuss  it  must  be  applied  to  tactical 
weapons  systems  of  many  types.  Whan  applied  to  direct  fire*  weapons 

^Tactical  Effaccivanasa  of  Weapons  System  (TEWS)  Pilot  Program 
Plan  (Fort  Ord,  California: USACDCEC,  May,  1967),  p.  1-9. 
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systems,  such  as  the  M-60  tank,  it  seems  clear  that  OHP  is  the  proba¬ 
bility  of  hitting  a  point  target  (such  as  another  tank)  under  a  given 
set  of  conditions.  When  applied  to  indirect  fire*  weapons  systems, 
such  as  a  FA  Weapons  System,  it  is  much  less  clear  what  the  TEWS 
description  of  OHP  means.  This  lack  of  clarity  stems  from  the  fact 
that  indirect  fire  weapons  systems  are  employed  against  both  point 
and  area  targets,  so  what  is  meant  by  "a  hit"  must  be  clearly  stated. 
One  possible  approach  is  to  consider  the  probability  of  hitting  a 
point  target  under  operational  conditions.  For  this  interpretation 
it  would  seem  reasonable  to  attempt  to  measure  operational  probable 
errors,*  similar  to  the  Inherent  probable  errors  listed  in  the  Tabular 
Firing  Table.  Indications  are  that  CDCEC  la  taking  this  approach. 

In  contrast,  the  authors  are  considering  the  probability  (OHP)  of 
hitting  an  area  target  with  a  volley  of  artillery  fire.  Hence,  the 
experiment  we  propose  will  be  a  methodology  to  estimate  OHP* a  as 
defined  in  this  latter  context. 

Chapter  II  of  this  thesis  contains  a  general  description  of  the 
variables  Involved  in  estimating  OHP's.  Zn  Chapter  III,  we  discuss 
the  required  field  procedures  and  propose  an  experimental  design. 

A  method  of  analysis  of  the  experimental  data  is  presented  in 
Chapter  IV.  Finally,  in  Chapter  V,  the  authors  discuss  some  areas 
that  (they  feel)  deserve  further  investigation. 


CHAPTER  II 


THE  VARIABLES 

Since  the  basic  organization,  procedures,  tactics,  and  character¬ 
istics  of  FA  Weapons  Systems  are  similar,  it  is  felt  that  a  general 
procedure  can  be  developed  which  nay  be  used,  with  minor  modifications, 
to  determine  the  OHP's  of  any  FA  Weapons  System. 

In  their  paper  on  weapons  system  accuracy,  J.  Nickel  and  J.  Palmer 
divide  a  weapons  system  into  three  basic  components:  the  method  of 
detection  and  location  of  the  target,  the  communications  Information 
link  between  detector  and  weapon,  and  the  actual  weapon  itself.^  We 
shall  refer  to  these  three  components  as  taraat  acquisition,  communica¬ 
tions.  and  firina  battery,  respectively.  We  shall  consider  two  addi¬ 
tional  components,  which  can  be  identified  aa  separate  entitles  having 
a  great  deal  of  influence  on  the  overall  operation  of  the  system. 

These  are  survey  control,  which  es tab llshes  the  location  and  orienta¬ 
tion  of  the  weapons,  and  the  firs  direction  center  (FDC),  which  gener¬ 
ates  the  firing  data  to  be  set  on  the  guns.  Meteorological  data, 
although  having  an  effect  on  system  accuracy,  will  be  assumed  accurately 
manured  for  purposes  of  this  experiment.  The  primary  reason  for 
making  this  assumption  is  that  true  meteorological  conditions  cannot 
be  determined,  so  no  basis  exists  for  determining  meteorological  errors. 

Barnes  A.  Nickel  and  J.  D.  Palmar,  BUltfdfflEg  PlUlitA  ttt 
PntralMtfrn  9t  Vm9M  ?m«l  A«WI97  flmUfMRtl  (Herman,  Oklahoma: 
University  of  Oklahoma  Research  Institute,  16  Deceaber  1963),  p.  1. 
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In  addition!  it  ia  almost  impossible  to  maintain  currant  meteorological 
data,  bacauaa  waathar  condition*  ara  continually  changing.  Finally, 
w*  hav*  llmitad  our  conaidaration  to  th*  FA  battary  undar  battalion 
contrbl,  and  mataorological  data  comaa  from  a  aourca  outaida  th*  FA 
battalion. 

Sine*  tha  axparimant  will  ba  conductad  undar  simulatad  combat  con¬ 
dition*,  it  la  nacaaaary  to  daacrib*  a  scenario  which  contains  realistic 
combat  situations.  Hanes,  tha  scenario  for  this  axparimant  should  be 
based,  as  much  as  possible,  on  th*  currant  threat,  as  provided  by  cur¬ 
rent  intelligence. 

A  suitable  measure  of  effectiveness  for  a  FA  Weapons  System  must 

stem  from  tha  mission  of  that  system 

"The  mission  of  the  field  artillery  is  to  provide  con¬ 
tinuous  and  timely  fire  support  to  the  force  comaandar 
•fl 

seas 

In  most  case*  of  the  type  ve  are  considering  (neutralisation  of  area 

targets) ,  this  mission  requires  that  the  field  artillery  inflict 

casualties  among  the  opposing  enemy  forces. 

"Tha  lanadiata  objective  is  to  deliver  a  anas  of  accu¬ 
rate  end  timely  fire  so  that  the  maximum  number  of 
casualties  are  inf lie  ad."2 

Xm  these  quotations  the  words  "accurate  and  timely"  seam  to  character¬ 
ise  the  desired  objectlvea  of  artillery  fire.  We  feel  that  OHF 

(Washington i  Department  of 

^FM  6-40,  clt. ,  p.  1-2. 


6-20-1.  1 
the  Army,  1  July  If 


16- 


provides  a  suitable  measure  of  effectiveness  from  the  standpoint  of 
accuracy.  We  propose  to  determine  OHP's  experimentally,  and  we  feel 
that  it  would  require  little  additional  effort  to  simultaneously  gather 
data  relating  to  the  timeliness  of  the  system  being  studied.  Ranee, 
we  propose  that  the  distribution  of  the  lengths  of  time  required  to 
conduct  fire  missions  be  used  as  a  measure  of  effectiveness  for  time¬ 
liness  . 

Although  we  are  primarily  interested  in  the  effectiveness  of  the 
weapons  system  as  a  whole,  it  is  also  desirable  to  identify  those 
factors  which  cause  artillery  errors,  as  well  as  the  relative  magnitude 
of  these  errors.  This  additional  information  should  be  useful  in 
seeking  methods  of  improving  systems  accuracies.  For  example,  if  it 
ware  found  that  large  dispersion  errors  in  the  cantor  of  Impact  resulted 
from  Incorrect  deflection  settings,  a  possible  remedy  might  be  to 
redesign  the  deflection  scales  of  the  weapon  sight.  Thus  wo  are  seeking 
soma  knowledge  of  the  effect  that  each  of  the  component  parts  has  on 
the  operation  of  the  system  as  a  whole.  This  leads  to  a  diacuoaion  of 
the  Independent  variables  which  we  propose  for  the  experiment. 

totofnteat  YtsUfttot 

Our  selection  of  Independent  variables  is  based  upon  materiel, 
current  tactics  and  techniques,  operational  environments,  and  historical 
records  of  artillery  operations.  Budgetary  and  time  constraints  often 
preclude  the  use  of  all  independent  variables  that  the  experiasntor  nay 
desire.  Bence,  he  may  be  forced  to  select  a  reduced  mafcer  of 


independent  variables,  or  at  least  specify  priorities  to  Indicate  those 
independent  variables  which  he  feels  are  most  Important.  We  believs 
that  the  following  Independent  variables  are  critical  to  the  determina¬ 
tion  of  OHP's.  The  rationale  for  the  choices  is  included  in  the  list 
of  variables. 

Hsthod  of  Entering  Fire  for  Effect.  The  accuracy  of  artillery 
fire  may  vary  substantially,  depending  upon  what  method  of  entering 
fire  for  affect  (FFg*)  is  used  by  the  FDC.  Thera  are  three  methods 
to  be  considered. 

The  first  of  these  is  the  "Adjust  Fire"  method,  in  which  an 
observer  estimates  the  location  of  an  aiming  point,  usually  the  target 
center.  This  location  is  than  transmitted  to  the  FDC  where  it  is  used 
as  one  of  the  elements  in  the  computation  of  firing  data.  One  or  more 
adjusting  rounds  ere  fired  using  this  data;  when  they  detonate  In  the 
Upset  area,  the  observer  determines  corrsctions  relative  to  the 
observer-target  line  (or  the  gun-target  line  In  the  case  of  an  air 
observer).  The  observer  transmits  thsss  corrsctions  to  the  FDC  where 
new  firing  data  Is  computed,  sad  additional  adjusting  rounds  are  then 
fired.  The  observer  continues  adjustment  until  he  senses*  that  the 
center  of  lnpact  of  the  adjusting  rounds  Is  on  the  observer-target  lUe, 
and  within  50  meters  of  the  target,  at  tftlch  tins  he  calls  for  firs  for 
affect. 

The  remaining  two  methods  of  enuring  F7I  are  similar  to  each 
other  In  that  no  adjustment  is  conducted.  The  first  method  is  called 
"transfer  using  registration  correctional"  the  second,  "transfer  using 
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meteorological  plus  velocity  error  corrections."  In  each  case  the 
observer  immediately  requests  fire  for  effect  because  he  has  a  high 
degree  of  confidence  that  his  initial  location  data  is  vlthln  SO  meters 
of  the  target.  This  normally  occurs  when  the  target  is  located  on  or 
near  a  prominent  terrain  feature,  a  surveyed  location,  or  a  target  which 
has  been  fired  upon  previously. 

Visibility  Conditions.  It  is  felt  that  the  accuracy  of  artillery 
fire  will  vary  vlth  the  time  of  day  (24-hour  day),  primarily  because 
the  observer  has  a  greatly  decreased  ability  to  detect  and  adjust  on 
targets  during  the  hours  of  darkness.  The  time  required  to  complete 
fire  missions  is  expected  to  increase  during  the  hours  of  darkness, 
because  gun  crews  are  required  to  work  with  a  minimum  of  artificial 
light.  Hence,  we  have  divided  the  24-hour  day  into  two  segments, 
"daylight"  and  "dark." 

Fuse.  There  are  three  types  of  fuse  cnmsnnly  used  by  the  Artillery: 
point  detonating  (PD) ,  mechanical  time  (HI),  and  variable  time  (VT), 

The  PD  fuse  functions  on  impact,  end  it  nay  be  set  for  either  quick 
or  delayed  action.  Vs  feel  that  the  delay  option  should  be  eliminated 
for  the  purposes  of  this  experiment.  Hence,  the  only  "error"  which  can 
occur  la  the  failure  of  the  fuse  to  function.  In  contrast  there  are  at 
least  two  sources  of  error  for  KT  fuse.  The  FDC  computes  the  MT  fuse 
setting,  and  the  gun  crews  put  this  setting  on  the  fuse.  If  either  the 
FDC  or  the  gun  crew  makes  an  error,  the  fuse  will  detonate  before  it 
reaches  the  target  or  after  it  has  passed  over  the  target.  It  may  even 
detonate  on  impact  instead  of  the  desired  20  meters  above  the  ground. 
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In  the  case  of  VT  fuze,  the  FDC  computes  an  "arming  time"  for  the  gun 
crews  to  set  on  the  fuze.  This  "arming  time"  (a  safety  setting  to 
ensure  that  the  projectile  clears  friendly  forces  before  it  becomes 
armed)  is  considerably  less  then  the  time  of  flight  to  the  target.  Once 
the  VT  fv*e  has  armed,  it  should  automatically  detonate  within  20  maters 
of  any  feature  Which  produces  a  radar  "echo." 

We  have  chosen  to  consider  only  PD  and  KT  fuses  in  this  experiment 
because  VT  fuse  provides  little  more  data  than  would  already  be  avail¬ 
able  from  PD  fuse.  The  only  chance  for  human  error  with  VT  fuse  is  for 
the  fuse  setting  actually  put  on  the  fuse  to  be  longer  than  the  time  of 
flight  of  the  projectile.  This  would  require  a  "gross"  error  to  be 
committed  by  either  the  FDC  or  the  gun  craws.  It  is  felt  that  such  an 
event  is  unlikely,  so  wa  eliminate  VT  fuse  from  further  consideration. 

Tactical  Situation.  The  two  most  common  categories  for  describing 
tactloel  situations  are  "offense"  and  "defense."  The  defense  is  pri¬ 
marily  a  static  situation.  Forward  observers  generally  have  ample  time 
to  atudy  the  terrain  to  their  front.  Survey  teams  are  able  to  bring 
survey  control  into  all  position  areas,*  and  are  usually  able  to  do 
extensive  target  area  and  connecting  area  survey. 

In  contrast,  the  offense  is  characterised  by  nmvement.  As  tike 
friendly  forces  advance,  observers  are  required  to  conduct  fire  missions 
an  unfamiliar  terrain,  so  initial  target  location  errors  should  be  much 
larger  than  in  the  defense.  Survey  teens  are  often  delayed  in  bringing 
survey  control  to  firing  units,  so  sons  batteries  nay  bo  required  to 
fire  missions  from  "mep  spotted"  coordinates  until  position  area  survey 


is  established.  Target  area  survey  and  connecting  area  survey  are 
rarely  done.  All  of  these  factors  introduce  additional  error  into  the 
offensive  situation.  He  feel  that  accuracy  of  the  artillery  fire  will 
be  affected;  hence ,  the  experlaent  should  be  conducted  under  both 
offensive  and  defensive  conditions. 

Gun- Terse*-  The  authors  feel  that  OHP'e  nay  vary  consid¬ 

erably,  depending  upon  the  range  fron  the  gun  to  the  target.  However, 
estlaates  of  OHP'a  obtained  esperlaantally  eight  have  little  value  if 
they  are  based  upon  rengos  that  are  not  likely  to  be  fired.  Therefore, 
we  propose  that  the  experlasntor  select  three  range  bands  (short,  aadlua, 
and  long)  that  are  typlcel  of  the  weapons  ayataa  being  tested.  Here  we 
use  the  word  "typical"  to  aaan  those  ranges  at  which  eneay  targets  are 
likely  to  he  detected.  Hence,  the  short-range  band  should  Include  e 
high  percentage  of  the  short-range  aisaions  that  are  likely  to  be  fired 
In  future  conflicts,  and  siallarly  for  the  aadlua  and  long-range  bands. 
Hatiaates  of  the  alaelone  that  are  "likely"  to  be  fired  should  cone  froa 
the  predicted  distribution  of  eneay  targets  as  provided  by  current 
intelligence. 

Having  selected  three  typical  range  beads,  the  esperlaaetor  is 
faced  with  another  probleat  should  test  units  be  required  to  fire  sa 
fgggl,  maker  of  aisaions  in  each  range  band,  or  are  there  advantages  to 
having  than  fire  jflgggg},  nuabero  of  nlaaions  in  each  range  bandf  for 
exaaple,  intelligence  iaforaatien  any  indicate  that  70S  of  gH  future 
alas  Iona,  for  the  weapons  ayataa  being  considered,  will  be  fired  in  the 
short-range  band.  If  this  were  die  case,  the  aaperlaanter  night  want 
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to  fire  more  missions  in  this  range  band,  in  order  to  ensure  that  his 
estimates  of  OHP's  (for  the  short-range  band)  are  "good"  ones.  On  Che 
other  hand,  it  is  expected  that  radial  miss  distance  will  have  a  higher 
statistical  variance  in  the  long-range  band.  Thla  conjecture.  If  true, 
would  Indicate  that  additional  aiaslona  should  be  fired  in  the  long- 
range  band,  in  order  to  obtain  batter  estimates  of  OHP's  there.  Finally, 
firing  equal  numbers  of  missions  in  each  range  band  would  make  the  data 
reduction  much  easier.  This  probleu  la  dlscuaaed  in  greater  detail  in 
Appendix  C. 

Wuclear-Bloloalcal -Chemical  When  toxic  agenta  are 

present  in  the  atmosphere,  all  personnel  must  don  protective  clothing 
and  protective  masks  so  that  they  can  carry  out  their  missions.  The 
wearing  of  auch  equipment  will  undoubtedly  affect  the  time  required  to 
perform  artillery-related  tasks,  and  it  may  affect  the  accuracy  of  the 
fire  delivered.  In  addition,  the  wearing  of  protective  masks  will 
probably  make  conn  lest  Iona  more  difficult.  Ua  therefore  feel  that 
the  experiment  should  be  conducted  under  both  toxic  and  non-toxle  con¬ 
ditions. 

A  choice  of  response ,  or  dependant,  variables  is  baaed  upon  the 
measures  of  effectiveness  chosen  for  the  system.  As  stated  prawioesly. 
we  have  chosen  OBP  as  a  measure  of  the  system's  accuracy  and  the  dis¬ 
tribution  of  the  lengths  of  time  required  to  conduct  fire  missions  as 
a  measure  of  the  system's  timeliness.  From  the  standpoint  of  accuracy. 
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we  have  also  expressed  an  interest  In  the  cnuse  and  relative  Magnitude 
of  artillery  errors.  We  first  concern  ourselves  with  those  dependant 
variables  related  to  accuracy;  namely,  OHP  and  errors  of  various  types. 
Later  we  address  the  question  of  timeliness  of  the  system. 

Canter  of  Insect  of  a  Volley.  The  basic  requirement  for  estimating 
OOP's  for  a  weapons  system  is  to  determine  the  actual  center  of  Impact 
of  a  volley  so  that  it  can  be  compared  with  the  desired  center  of  impact. 
The  desired  center  of  impact  is  usually  at  the  target  center  (aiming 
point),  and  the  actual  center  of  impact  can  be  estimated  using  flesh- 
base  techniques  to  be  described  in  Chapter  III.  The  results  of  a  aeries 
of  firings  may  be  used  to  develop  empirical  distributions  of  the  center 
of  impact  about  the  target  center,  and  OGP's  can  be  estimated  from  these 
distributions.  The  technique  for  estimating  OOP's  will  be  discussed  in 
Chapter  IV. 

OKP  provides  an  overall  measure  of  the  system's  accuracy,  but  it 
dees  not  provide  us  with  information  regarding  the  causa  mar  relative 
magnitude  of  artillery  errors.  This  Information  mast  be  obtained  by 
easminlng  the  components  of  the  ays tea.  Thus  the  dependent  variables 
of  interest  in  this  regard  are  those  vfclch  assents  ooaponant  errors; 
that  is,  errors  which  any  be  attributed  to  e  single  coapoeeat  of  the 
ays tea. 

larmet  doggjtMlffl  BlTTIt-  Uhdsr  operations!  conditions,  targst 
acquialtloa  errors  would  fall  Into  three  aajor  categories : 

1)  failure  to  dstsce  tha  targst, 

2)  improper  identification  of  the  target,  and 


3)  incorrect  location  o£  the  target,  both  initially  end  with 
respect  to  adjusting  rounds. 

For  experimental  purposes,  we  propose  to  eliminate  errors  of  the  first 
two  categories  by  having  an  umpire  designate  a  target  (aiming  point) 
and  Identify  it  for  the  observer.  Thus  target  acquisition  errors  to  be 
considered  here  are  errors  in  target  location  only.  These  errors  can 
best  be  described  by  considering  the  three  methods  of  entering  flr«  for 
effect  discussed  previously. 

Errors  in  the  "Adjust  Fire"  method  of  entering  fire  for  effect  are 
a  result  of  the  observer's  inability  to  accurately  determine  target 
location  initially,  as  well  as  errors  in  judging  the  location  of  the 
target  with  raapect  to  adjuatlng  rounds.  In  contract,  target  location 
errors  associated  with  the  second  two  methods  of  entering  fire  for 
effect,  whan  no  adjusting  rounds  are  fired,  are  due  to  inaccuracies  in 
the  observer's  initial  location  data  only.  Other  errors  may  be  com¬ 
mitted,  regardless  of  which  method  of  entering  fire  for  effect  is  used. 
We  shall  discuss  some  such  errors  end  indicate  which  components  of  the 
system  ere  Involved. 

Survey  Control  Errors.  These  errors  are  associated  with  incorrect 
determination  or  reporting  of  coordinates  of  battery  centers  end  asl- 
muths  of  orienting  llnaa.*  Survey  errors  have  varying  effects  on 
accuracy,  depending  upon  the  fire  procedure  being  used.  In  the  case 
of  "Adjust  Fire"  or  "transfer  using  registration  corrections,"  the 
survey  errors  are  "shot  out"  during  adjustment  end  registration, 
respectively.  Therefore,  survey  errors  would  effect  only  the  time 
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required  to  adjust  on  a  new  target.  The  accuracy  of  the  rounds  in  FFE 
would  not  be  affected  in  either  of  these  procedures. 

Survey  errors  have  tha  greatest  adverse  effect  on  accuracy  when 
entering  fire  for  effect  using  "meteorological  plus  velocity  error 
corrections."  In  this  case,  there  is  neither  an  adjustment  nor  a  prior 
registration,  so  all  survey  errors  are  Incorporated  in  the  firing  data 
that  is  sent  to  the  guns. 

Fire  Direction  Center  Errors.  In  this  category  we  shall  consider 
only  errors  that  are  actually  ganarated  within  the  FDC.  That  is,  all 
inputs  to  the  FDC  (e.g.,  survey,  target  location,  and  meteorological 
data)  will  be  assumed  correct  so  that  only  errors  in  the  computation 
of  firing  data  will  be  assigned  to  the  FDC. 

Errors  generated  within  the  FDC  can  adversely  affect  both  the  time 
required  to  complete  a  fire  mission  and  the  accuracy  of  the  rounds  in 
FFE.  Although  there  are  a  great  number  of  places  where  errors  can  be 
committed  in  the  FDC,  our  primary  concern  is  the  data  that  is  transmitted 
to  the  firing  battery  for  use  in  FFE.  These  errors  can  take  the  form  of 
incorrect  quadrant  elevation,*  deflection,*  and  (in  the  case  of  missions 
requiring  MT  fuse)  the  setting  to  be  placed  on  the  fuse. 

Firing  Battery  Errors.  Hare,  as  with  the  FDC,  we  shall  consider 
only  errors  actually  generated  within  the  firing  battery.  All  Inputs 
to  the  firing  battery  will  be  assumed  correct. 

He  can  divide  firing  battery  errors  into  two  groups i  those  Which 
directly  affect  the  fall  of  shot  and  those  which  cause  incorrect  Inputs 
to  other  components  of  the  system.  Errors  of  the  first  type  are 
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incorrect  initial  lay  of  battery,  incorrect  lay  (either  in  deflection 
or  quadrant  elevation)  of  the  Individual  pieces  prior  to  firing,  errors 
in  machanlcal  tins  fuse  settings,  and  errors  in  the  charge  fired. 

Examples  of  the  second  type  of  error  would  be  the  incorrect  measurement 
or  reporting  of  powder  temperature  or  projectile  weight. 

Communication  Errors.  These  errors  are  due  to  communications 
between  system  components,  not  within  the  separata  components.  Such 
errors  are  caused  by  poor  radio-telephone  procedures  or  faulty  equipment. 
Any  message  that  is  misunderstood  by  a  radio- tala phone  operator  of  the 
artillery  upit  and  is  recorded  Incorrectly  by  him  is  considered  a  com¬ 
munication  error.  Such  errors  observed  in  the  experiment  should  be 
analysed  to  determine  their  effect  on  the  firing  data  that  is  set  on 
the  guns. .  Some  communications  errors  may  not  affect  the  firing  data) 
for  example,  the  umpire  identifies  a  survey  party  for  the  observer,  but 
the  observer  tells  the  FDC  that  the  target  is  a  wire  craw.  Other  com¬ 
munications  errors,  such  as  the  transposition  of  figures  by  a  receiving 
operator,  nay  have  a  very  adverse  effect  on  accuracy. 

Residual  Errors.  These  errors  are  encountered  primarily  as  a 
result  of  iaparfact  experimental  controls.  All  errors  not  previously 

„  f 

mentioned,  regardless  of  source,  would  be  included  in  this  category. 
Therefore,  if  the  experimenter  were  to  measure  all  component  errors  and 
then  calculate  their  total  effect  on  the  fall  of  shot,  he  should  be  able 
to  predict  where  the  center  of  impact  will  occur.  If  the  actual  Cl  does 
not  agree  with  this  prediction,  the  difference  is  due  to  residual  errors. 
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One  example  of  a  residual  error  ia  an  error  in  meteorological  data, 
since  all  meteorological  data  was  assumad  to  ba  correct.  Another 
example  of  a  residual  error  is  a  "round-off”  error.  These  occur  because 
only  integers  may  be  set  on  the  scales  of  the  weapons. 

Dependent  Variables  (Timeliness) 

He  now  consider  the  measure  of  the  system's  timeliness.  Although 

accuracy  is  usually  of  paramount  concern  to  artillery  units,  there  are 

occasions  when  speed  of  delivery  of  fires  takas  precedence.  Such 

instences  are  a  matter  of  judgment  of  the  commander  and  may  warrant 

deviations  from  the  normal  procedures.  Training  doctrine  requires  that: 

"All  members  of  the  artillery  team  must  ba  continually 
indoctrinated  with  a  sense  of  urgency."* 

In  addition  to  the  distribution  of  the  lengths  of  time  required  to  con¬ 
duct  fire  missions,  we  also  propose  to  observe  the  lengths  of  time 
required  by  certain  components  of  the  7A  Weapons  System.  Again,  it  is 
desirable  to  learn  what  effect  the  components  of  the  system  have  on  the 
measure  of  effectiveness  being  investigated,  so  that  wa  may  seek 
possible  methods  of  improvement . 

Total  Fire  Mission  Time.  Total  fire  mission  time  should  be  meas¬ 
ured  from  the  time  that  an  observer  detects  a  target  until  the  FFE 
rounds  burst  in  the  target  area.  The  following  procedures  could  be 
used  by  an  umpire  when  designating  a  target  to  an  observer:  the  umpire 
would  describe  the  terget  (e.g. ,  platoon  of  Infantry  in  the  open),  give 
angular  measurements  to  the  target,  and  describe  the  object  that  is  to 

*FM  6-40,  0£.  cit. ,  p.  1-2. 
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be  used  as  Che  aiming  point  (e.g.,  a  red  car  body).  For  this  experiment 
detection  occurs  when  the  observer  sees  the  aiming  point  (the  red  car 
body)  and  states,  "target  identified." 

Component  Times.  In  order  to  determine  the  contribution  of  the 
component  parts  to  the  total  fire  mission  time,  the  following  measure¬ 
ments  should  be  taken. 

1)  Target  acquisition  time  should  be  measured  from  the  time  the 
observer  defects  a  target  until  he  initiates  a  request  for  a  fire 
mission  with  the  FDC.  Adjustment  time  should  be  measured  from  the 
appearance  of  an  adjusting  burst  in  the  target  area  until  the  first 
element  of  adjustment  data  is  transmitted  to  the  FDC. 

2)  Survey  time  should  be  measured  from  the  time  that  the  battalion 
survey  control  point  is  identified  by  the  survey  party  until  the  battery 
center  and  orienting  line  are  narked. 

3)  Fire  direction  center  tine  should  be  measured  as  follows! 

a)  For  missions  using  one  of  the  non-adjusting  methods,  the 
time  Increment  should  be  measured  from  the  receipt  of  a  request  for  fire 
until  the  last  element  (quadrant  elevation)  of  FFB  data  la  transmitted 
to  the  firing  battery. 

b)  For  missions  using  the  "Adjust  Fire"  method,  the  time 
increment  described  above  should  be  euamsd  with  Increments  computed  in 
a  similar  manner  for  rounds  in  adjustment. 

4)  Firing  battery  time  should  be  measured  ae  follows! 

a)  For  missions  using  one  of  the  non-adjusting  methods,  the 
time  Increment  should  be  measured  from  the  receipt  of  the  last  element 

of  the  firing  date  from  the  FDC  until  the  guns  are  fired. 
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b)  For  missions  using  the  "Adjust  Fire"  Method,  the  time 
increment  es  described  above  should  be  susssed  for  both  the  adjusting 
firs  and  rounds  in  FFE, 

Controlled  Variables 

He  now  proceed  to  a  discussion  of  controlled  variables.  Conditions 
ere  usually  controlled  so  that  the  ezperiasator  can  attribute  changes 
in  the  dependent  variables  (up  to  randan  errors)  to  the  values  of  the 
independent  variables.  In  addition,  controls  ara  often  iapoead  in 
order  to  Unit  the  Magnitude  of  the  asperlneut,  since  each  additional 
variable  (of  two  treatnsnts)  would  increase  the  naaber  of  data  calls 
by  a  factor  of  two.  He  consider  three  states  of  control:  rigid, 
systematic,  and  uncontrolled. 

Rieldlv  Controlled  Variables.  The  following  variables  am  those 
which  the  authors  feel  should  be  rigidly  controlled: 

1)  Sheaf  width.*  The  battery  should  be  deployed  to  give  a  par¬ 
allel,  or  noraal,  sheaf.  The  width  of  the  sheaf  will  dspsad  upon  the 
caliber  of  the  weapons  in  the  unit  being  tested. 

2)  Length  of  Survey.  A  fixed  length  of  survey  should  be  used. 

The  exact  length  can  be  daterniaad  after  the  site  of  the  experlaent  is 
selected. 

3)  Type  of  Aanualtion.  The  preponderance  of  all  awnmltlau  fired, 
both  in  conbat  and  la  training,  is  high  explosive.  Therefore  we  feel 
that  only  high  explosive  annual  t  ion  should  be  used  during  the  taper  leant. 
Zn  addition,  sufficient  aanunltlon  of  a  given  lot  should  be  available  to 

ensure  that  no  "aixed-lot"  Missions*  am  fired. 
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4)  Unit  Training.  All  artillery  units  are  required  to  take,  and 
pass*  an  Anay  Training  Test  (ATT)  on  an  annual  basis.  The  authors  feel 
that  all  units  should  again  be  tested  at  the  experimental  site  prior  to 
conducting  the  experiment.  This  test,  by  a  single  team  of  umpires,  will 
ensure  that  all  units  to  be  used  In  the  experiment  meet  the  minimum 
level  ef  training  proficiency  required  by  the  Army. 

5)  Angle  of  Fire.  Only  low  angle  fire  (less  than  800  mils  for 
most  weapons)  should  be  used  in  this  experiment.  Low  angle  fire  Is  more 
accurate  than  high  angle  fire,  rihlle  the  latter  Is  more  lethal  against 
certain  types  of  targets.  Since  analysis  using  these  methods  as  vari¬ 
ables  would  necessitate  expanding  the  experiment  into  areas  of  limited 
application,  we  propose  the  above  restraint. 

Systematically  Controlled  Variables.  Systematic  controls  also 
serve  to 1  limit  the  else  of  the  experiment.  Additionally,  these  controls 
assist  In  making  the  simulated  combat  conditions  of  the  experimental 
environment  more  representative  of  true  combat  conditions.  The  only 
variable  considered  In  this  category  should  be  target  occurrence  time. 
Using  the  Independent  variable  "Visibility  Condition,"  we  have  already 
broken  the  24-hour  day  into  "day"  and  "night.'  However,  past  experience 
Indicates  that  targets  do  not  occur  uniformly  over  either  of  these 
periods.  Enemy  attacks  most  frequently  occur  In  the  early  morning,  so 
we  feel  that  a  test  unit  should  be  required  to  fire  more  missions 
between,  say,  0500  and  0600  than  between  2300  and  2400.  This  could  be 
accomplished  by  distributing  target  occurrence  times  in  the  scenario 
according  to  historical  data  that  Is  available.  The  OHP's  thus  obtained 
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would  be  "averaged"  over  the  tlaes  at  which  eneny  targets  are  likely 
to  appear. 

Uncontrolled  Variables.  Certain  variables  are  uncontrolled , 
usually  because  it  is  too  expensive,  or  too  difficult,  to  control  then. 
Variables  that  fall  into  this  category  are  as  follows: 

1)  Terrain  and  Vegetation.  Thasa  will  ultinately  depend  upon  the 
experimental  site  selected.  A  prime  consideration  in  selecting  a  teat 
site  is  the  availability  of  units  near  the  site.  It  is  also  desirable 
to  select  test  sites  that  have,  as  nearly  as  possible,  "typical"  terrain. 

2)  Heather.  Heather  will  depend  upon  the  test  alts  and  the  season. 
Testing  undsr  "extrema"  weather  conditions,  of  any  sort,  should  be 
avoided  if  possible. 

3)  Coebat  ReAllso.  Every  effort  should  be  node  to  develop  a  test 
scenario  that  will  Include,  aa  nearly  as  possible,  the  psycheloglcd  and 
physiological  stresses  of  actud  combat. 
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CHAPTER  III 


THE  MODEL 

He  have  thus  far  described  the  conditions  that  we  feel  should  be 
varied  or  controlled  in  order  to  observe  possible  changes  in  the 
dependent  variables.  In  this  chapter  we  outline  a  general  procedure 
that  should  be  followed  both  in  preparation  for,  and  conduct  of.  the 
experiment  in  the  field.  A  linear  statistical  model,  which  could  be 
used  during  the  data  analysis  phase  of  the  experiment,  is  also  pre¬ 
sented. 

issssSssst 

For  this  experiment  a  test  unit  should  consist  of  one  randomly 
selected  firing  battery  (from  a  particular  battalion) .  the  battalion 
FDC,  sad  one  survey  ten.  In  Appendix  C  the  authors  describe  a  method 
for  obtaining  an  Initial  estimate  of  the  required  nuaber  of  test  units. 
Once  this  estimate  has  been  obtained,  the  battalions  to  furnish  test 
unite  should  be  randomly  selected  from  available  battalions.  If  the 
estimated  required  nunber  of  test  units  were  to  exceed  the  number  of 
available  battalions,  possibly  because  of  the  limited  number  of  active 
battalions  or  for  combat  reasons,  the  experiment  could  still  be  con¬ 
ducted.  However,  it  must  be  remesbered  that  the  level  of  confidence  la 
the  estimated  parameters  would  be  lowered  accordingly. 

Each  test  unit  should  be  assigned  a  sequence  nuaber,  which  will 
identify  the  order  la  which  the  experiment  would  be  conducted  for  that 
unit.  A  typical  teat  cycle,  shown  in  Tab! *  1,  displays  one  possible 
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TABLE  1 


TYPICAL  TEST  CYCLE 


1  Arrive  at  tut  alto;  rtctln  aiililimtlw  brlaflai  and 
orientation. 

2  Draw  equlpneat;  prapara  for  fiald  oparationa. 

3  Bacalva  detailed  briefing  above  the  esperlaaat  and  conduct 
the  pn-eaperlnaat  AIT;  prapara  for  uovoaont  to  tba  fiald. 

4-5  Conduct  AIT:  receive  briefing  on  rnanlta. 

6-7  Maintain  aqnlpoant  and  prapara  far  the  aaperlaoat. 

8-10  Bacalva  alert  order,  load  vohiclea,  nova  to  eoeoubly  area, 
and  prapara  for  defenalve  oparationa.  Move  to  dnfaaolva 
poaltlona  (a a  required  by  the  acanaria)  and  conduct  fin 
aiaaloaa. 

11-13  Bacalva  ordera  to  prapara  to  rapport  an  attack;  conduct 
oparationa  la  aappart  of  an  attack. 

14-16  Bacalva  ordera  to  ronala  la  poeltlaa  and  aappart  defenalve 
oparationa;  be  prepared  to  continue  the  attack  on  order. 

17-19  Continue  tike  attack. 

Baton  to  baae  coup;  nalntatn  aqalpnant;  ntnn  equlpneat 
to  tba  anpply  point;  raoaiva  critique  fran  toot  toon. 


20-21 


order  of  tactical  situations.  This  order  would  be  followed  by  all  units 
having  odd  sequence  numbers.  Even-numbered  units  would  follow  the 
alternating  schedule  of  tactical  situations,  starting  with  the  offense. 
By  mixing  the  order  of  tactical  situations,  bias  due  to  fatigue  and 
learning  should  be  averaged  over  the  two  situations. 

Once  the  experiment  begins,  the  test  units  will  be  in  simulated 
coafcat  continuously  for  the  duration  of  the  experiment,  thereby 
increasing  the  psychological  and  physiological  stresses  to  which  per¬ 
sonnel  are  eubj acted.  The  testing  period  of  twelve  days,  suggested  in 
Table  1,  would  have -to  be  adjusted  depending  upon  the  firing  matrix 
used  (see  Figures  1  and  2)  and  the  number  of  volleys  to  be  fired  in 
each  data. cell.  Time  must  be  allowed  for  registration,  moves,  and 
normal  tactical  activities,  so  a  reasonable  work  load  should  be  approxi¬ 
mately  12-16  fire  mieslons  per  period  of  light  condition  (daylight  and 
dark).  The  order  of  fire  missions  should  be  determined  at  random  and 
integrated  into  the  detailed  scenario. 

The  experiment  should  be  conducted  in  the  following  five  phases. 

1)  Alert  test  units;  inform  them  of  their  arrival  time  at  the 
experimentation  site;  ensure  that  test  units  have  satisfactorily  com¬ 
pleted  as  ATT  60  days  (at  moat)  prior  to  the  test  period;  move  test 
units  to  the  teat  site. 

2)  Orient  test  units;  have  them  draw  equipment  and  prepare  for 
field  operations. 

3)  Conduct:  Army  Training  Test  at  the  test  site. 

A)  Conduct  experiment;  have  units  return  equipment  and  depart  for 
Mas  station. 
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5)  Conduct  Intermediate  data  reduction  and,  if  possible ,  update 
the  estimate  of  the  nuabsr  of  teat  unlta  requited. 

Data  Collection 

Data  should  be  collected  by  teens  of  umpires  assigned  to  the  four 
activities  described  below.  The  kinds  of  data  to  be  collected  and  the 
instrumentation  will  be  discussed.  Pre-printed  blank  ferns  should  be 
used  for  recording  data,  and  should  he  turned  in  to  the  control  head¬ 
quarters  dally.  All  tine  neasurenents  should  be  node  using  stopwatches, 
and  need  not  be  recorded  nore  accurately  than  one-tenth  of  a  second. 

Tareat  Location.  The  target  location  umpire  team  should  accompany 
the  observers  and  rscord  target  location  data  that  is  tramsmlttsd  by 
the  observer  to  the  !DC.  This  Information  mould  he  recorded  in  addition 
to  surveyed  target  information.  Target  location  time  and  total  fire 
aiaalon  time  should  also  be  measured  and  recorded  by  this  teen. 

Fire  Direction  Center.  The  umpire  team  located  mltbia  tile  FDC 
should  observe  each  step  in  the  computation  of  n  fire  mission,  and 
record  any  errors  or  aelpractlces  that  era  observed.  This  team  should 
tape-record  all  communications  between  the  FDC  aid  both  the  observer 
end  the  firing  battery.  Any  errors  in  Information  transferred  should 
be  recorded  when  they  are  observed.  The  tape*  would  be  analysed  later 
to  discover  any  undetected  errors  end  to  verify  those  already  recorded. 
All  firing  charts  and  FDC  computation  forms  should  he  collected  daily 
for  later  analysis.  This  uaplrt  taaa  should  also  maasurs  FDC  ties  as 
described  previously. 
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Firing  Battery,  The  umpire  team  observing  operations  with  the 
firing  battery  should  monitor  all  activities  associated  with  gunnery 
procedures,  to  include  registration,  laying  the  battery,  and  emplacing 
aiming  posts.  All  observed  errors  and  malpractices  should  be  recorded. 

One  umpire  should  be  assigned  to  each  gun  crew  so  that  minimum  delay  is 
caused  by  umpire  activities.  Salvo  fire*  should  be  used  in  all  fire 
missions,  even  though  the  stimulated  tactical  conditions  may  indicate 
that  all  weapons  Should  be  fired  simultaneously.  This  type  of  fire 
would  allow  the  operators  manning  the  flash-base  in  the  target  area  to 
observe  each-round  Individually,  in  order  to  estimate  the  Cl  more  accu¬ 
rately.  The  sight  picture  and  scale  settings  should  be  checked  each 
time  (bafom  and  af tar)  a  weapon  ie  fired.  Fuse  settings  should  be 
chntkmdjuetprlor  to  loading  the  projectile  into  the  gun.  Any  errors 
duik’Cn  tmdlo-a*lepha&a  eperation  should  be  recorded  as  they  ere  detected. 
These  errors  nay  be  analysed  later  against  the  taped  record.  The  firing 
bsttSTy  time  Should  be<  measured  by  this  team. 

A  photographic  scheme  of  recording  the  eight  picture,  scale  readings, 
and  fuss  settings  night  be  useful  If  excessive  time  delays  ere  attributed 
to  ths  ■  umpire?  team,  or  the  umpire's  accuracy  in  reading  seals*  Is  ques¬ 
tioned,  '  Pictures  of  the  scales  could  be  taken  end  later  analysed  for 
errata*  Thar  introduction  of  such  s  scheme  of  date  collection  might  be 
a  result  of  a  fllot  study. 

Tareat  Area.  Tha  umpire  teen  in  the  target  area  will  operate  the 
flash-base,  which  could  be  used  to  estimate  the  location  of  each  round 
fired.  Including  rounds  in  ragiatration  and  adjustment.  An  ad  hoc 
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"dual"  flash-base,  Figure  3,  is  proposed  by  the  authors.  Two  optical 
instruments  would  be  operated  from  each  of  four  observation  posts  (OP's). 
The  two  instruments  should  be  positioned  as  dose  together  as  possible, 
without  blocking  the  other's  line  of  eight  to  the  targets.  It  is  felt 
that  such  an  arrangement  might  prove  more  accurate  and  workable  than  a 
flash-base  with  eight  OP's,  for  the  following  reasons. 

1)  The  close  proximity  of  the  instruments  would  allow  voice  com¬ 
munications  between  the  operators.  Since  the  scale  readings  should  be 
quite  similar,  errors  in  reading  the  scales  should  be  discovered 
immediately. 

2)  Large  pointing  errors  should  be  discovered  by  the  recorder, 
who  would  sighc  over  the  Instrument  for  each  round.  If  a  large  differ¬ 
ence  between  the  two  angles  is  reported,  the  recorder 'e  obeervatlon 
should  aid  in  determining  which  lnetrument  is  in  error. 

3)  Finally,  the  number  of  rounds  "lost,"  or  not  observed  by  an 
OP,  should  be  minimised  because  of  the  "built-in"  redundancy. 

All  lnetruments  should  be  oriented  on  a  distant  reference  point 
before  and  after  each  fire  mission  in  order  to  minimise  errors  due  to 
faulty  Instrument  alignment.  The  deflection  and  vertical  angles  should 
be  measured  for  all  air  bursts,  but  only  the  deflection  angle  need  be 
measured  for  ground  burets.  If  both  instrument  operators  at  an  OP 
observe  a  burst,  the  deflection  (and  vertical)  angles  will  be  averaged 
to  give  the  "OP  deflection  (and  OP  vertical)  engle(s)"  for  that  round. 

In  the  event  only  one  Instrument  operator  at  a  particular  OP  observes 
a  burst,  the  "OP  angle(s)"  will  be  taken  as  the  angle(s)  measured  by 
that  Instrument. 
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KEY: 

^  -  Target 

A  -  Optical  Instrument 


*  f  * . 
*  *  # 


FIRING  BATTERY 
TYPICAL  TARGET  AREA  LAYOUT 
FIGURE  3 
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Although  there  could  be  nany  variation*  to  the  problea  of  "loot" 
rounds,  we  shall  consider  only  the  situation  in  which  one  OF  (i.e., 
both  lnstruaents)  fails  to  observe  a  given  round.  In  thin  case,  that 
OP  would  not  be  used  to  estiaate  the  location  of  the  "lost"  round; 
Instead,  the  "OP  angle(s)"  for  that  OP  would  be  constructed  to  the 
location  (of  the  "lost"  round)  determined  by  the  remaining  three  OP' a. 
This  location  would  be  estimated  using  the  same  general  procedures 
(described  below)  as  for  locating  the  center  of  impact.  Finally, 
should  two  or  more  OP's  fail  to  observe  a  burst,  other  analyses  would 
be  necessary. 

The  center  of  Impact  would  be  estimated  by  en  intersection  pro¬ 
cedure.  The  "OP  angles"  to  each  round  of  a  volley  should  be  averaged 
to  give  a  "Cl  deflection  angle"  from  each  OP.  A  ray  would  be  plotted 
from  each  OP  in  the  direction  of  the  "Cl  deflection  angle,"  using  a 
point  mid-way  between  the  two  lnstruaents  as  its  origin.  The  inter¬ 
section  of  these  rays  forms  a  polygon.  For  "tight"  polygons  the 
geometric  center  would  be  taken  as  the  estiaate  of  the  location  of  the 
Cl,  in  the  horisontal  plane.  Other  situations  (i.e.,  "loose"  polygons) 
would  be  analysed  on  an  individual  basis  (see  Chapter  V).  An  average 
helgit  of  burst  would  be  determined,  la  the  case  of  an  air  burst,  by 
averaging  the  heights  of  burst  computed  from  each  OP  using  the  ”CI 
vertical  angle,"  end  the  estimated  distance  to  the  Cl. 

The  flash-base  personnel  should  know  (in  advance)  which  target  is 
being  fired  upon,  when  each  gun  is  fired,  and  die  approximate  time  of 
flight.  Coordlnetes  of  the  flash-base  OP's  and  target  locatlona  should 
be  established  by  survey. 
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In  order  t.'  dtttnu'e  CtiP'»,  we  nave  suggested  that  accuracy  data 
be  taken  under  various  combinations  of  values  of  the  independent  vari¬ 
ables  (see  Figc.es  i  and  2),  On  each  trial  the  measurements  taken  will 
determine  the  radial  miss  distance,  R,  between  the  center  of  Impact  and 
the  target  center  The  observations  on  radial  miss  distance  may  be 
used  in  estimating 

OHP  =■  Pr ( R  -  t'  .  «  FDi  U")  - 

A  method  of  estimating  this  cum.,  la  live  disf  ributior.  function  is  discussed 
in  Chapter  IV 

Radial  miss  distance  ...  ruta&ured  in  uhe  standard  j-.ourdlnate  sys¬ 
tem  where  the  X-®xis  is  taken  along  the  gun-target  lint  and  lies  in  a 
horizontal  plane  tangent  to  the  e®ith  at  the  target  center.  In  the  case 
of  time  fuze  missions,  this  tangent  piane  p®ssus  through  an  aiming  point 
20  meters  above  the  target  center  Ihe  Y-axi®  is  caicen  at  right  angles 
to  the  X-axis  at  the  target,  center,  and  lies  in  thr.  same  horizontal 
plane.  The  Z-axis  is  perpendicular  to  both  the  X  and  Y  axes  at  their 
point  of  intersection  We  Introduce  the  following  notation: 


u 


tp] 

ijkimn 


is  the  true  mean  miss  distance  tor  the  center  of  impact 
(in  each  -.ell),  taxen  in  the  p  direction;  p  -  X,  Y, 


or  Z.  The  ranges  c-t  the  snn&iripta  are  described  below. 


e 


IP) 

ijkimno 


is  the  random  error  in  the  p  direction  on  the  observed 


:andom  variable  for  the  o  volley; 


1.  2,  3, 


where  ,  la  the  number  of  volleys  to  be  fired  in  a 
data  ceil  for  tie  jth  range  band. 


thed 


Is  the  effect  in  the  p  direction  doe  to  the  i**1  no 
used  when  entering  fire  for  effect;  i  ■  1,  2,  3. 

is  the  effect  in  the  p  direction  doe  to  the  range 
bead;  j  -  1,  2,  3,  ...  The  upper  Unit  is  unspecified 
to  allow  for  expansion.  should  it  he  feeolhle  to  fire 
oo re  than  three  range  bands. 

is  the  effect  in  the  p  direction  doe  to  the  k*  light 
condition;  k  ■  1,  2. 

th 

is  the  effect  in  the  p  direction  due  to  the  i  type 
of  fuae  used;  i  -  1,  2. 

is  the  effect  in  the  p  direction  doe  to  the  n**1 
tactical  situation;  n  ■  1,  2. 

is  the  effect  in  the  p  direction  due  to  the  unclear, 
biological,  or  chantcol  coat  end  nation;  n  »  1,  2. 


The  usual  notation  for  linear  experlaantal  nodule  lints  each  of  the 
sain  effects  tens  as  glean  above  and  ell  appropriate  interaction  tame. 


However,  we  can  ainplify  thin  notation  considerably  by  oaploylng  the 
notation  suggested  by  Graybill.1  He  propane  the  following  nodal,  which 
treats  each  pf  the  three  coaponenta  of  radial  nftae  distance  separately i 


'IjklMM  “ijkian  ljkiano 


(1) 


T  - 

xljkiano  wljkian  *ljkino 


l  -  u[t]  ♦  a1*1 

ijktano  ijkian  ijkiwBO 


O)  • 


F.  A.  Graybill 
Voluno  I  (Hew  York:  KcGrsw-Hl 
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where  eij|c*mno  ia  a88U“**i  t0  be  a  8et  of  uncorrelated  random  variables, 

each  of  which  Is  distributed  N(0,o2).  In  equation  (1),  X.,, . 

P  ijktano 

denotes  the  X-coordlnate  of  the  oth  volley  In  the  cell  when  the  factors 
M,  R,  L,  P,  T,  and  C  are  at  the  1th,  j®*1,  kth,  1th,  mth,  and  0th  levels, 
respectively,  and  similarly  for  the  Y  and  Z  coordinates. 


The  N-way  classification  model  should  Include  interaction  terms, 
and  tests  of  their  significance  in  the  experiment  should  be  made.  Also, 
if  It  were  found  that  there  is  not  a  significant  difference  among  the 
main  effects  of  certain  factors  In  the  experiment,  then  the  data  In 
these  cells  could  be  pooled  when  estimating  operational  hit  probabilities. 
Such  estimates  should  be  more  accurate  because  of  the  increased  sample 
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CHAPTER  IV 


ESTIMATING  OPERATIONAL  HIT  PROBABILITIES 

Bacall  that  we  hart  defined  OHP  aa  tha  probability  that  tha  canter 
of  iapect  of  a  Toll ay  of  artlllary  flra  will  fall  within  a  apaclflad 
dlatanca  of  an  alalnf  point.  In  syubols, 

OHP  -  PrtR2  Sr2!-  F^r2)  (1) 

where  R  la  radial  alas  dlatanca  (i.a. ,  tha  dlataaea  fro*  tha  caatar 
of  lapact  of  a  volley  to  tha  target),  and  F^r2)  1*  tha  cunulative 

dlatribtttloa  function  (CDF)  of  R2.  Under  a  specific  aet  of  experi¬ 
mental  conditions ,  our  ability  to  accurately  estimate  OHP  (for  a  glues 
r)  will  depend  upon  our  accuracy  la  eatlnatlag  the  CDF  of  R2, 

Ha  propose  two  procedures  that  night  bo  used  la  eatlnatlag  this 
CDF.  First,  an  atteapt  should  be  node  to  detexadae  whether  one  of  the 
"well  known"  theoretical  probability  distributions  "fits"  either  the 
distribution  of  l2,  or  tha  distribution  of  sens  function  of  R2.  Ia 
tha  event  such  a  distribution  cannot  be  found,  the  wangle  CDF  (oglva) 
could  be  used, 

Ha  begin  by  discussing  a  procedure  for  atteapt  lag  to  fled  a  Nell 

known"  distribution  that  "fits"  a  function  of  I*.  It  has  boon  aosunsd 

that  the  coaponaata  (X,  Y,  and  t)  of  radial  alas  distance  axe  distributed 

»<0,o2h  p  -  Z,  T,  X.  The  target  center,  or  alalag  point,  will  be 
P 

considered  to  be  the  origin  of  the  S-diasnoicnal  coordinate  ays  tea 
described  earlier.  Me  eer.i^u  the  Z-coordlaatc  papal  sties  variance 
using  the  usual  eatlaator  o£,  defined  os  fellows i 


-AS- 


JX  -  SX  *  n  1*1  -  »’• 


— *  1  “ 

idiara  X  -  *  lx  , 

1*1 

a  it  tha  auabar  of  wollnya  firad  for  a  particular  aat  of 
axparinaatal  conditions ,  and 

Xj  la  tha  dlataaca  la  tha  X  diractloa  batwaan  tha  tarqat 
caatar  aad  tha  CZ  for  tha  l**1  vollay. 

Slailar  confutations  would  ba  aada  to  datandaa  5*  aad  ua. 

la  Appendix  B  wa  atata  raaaoaa  uhy  va  faal  that  dta/d  will  ba  aa 
approxlaately  Chl-aquara  distributed  raadoa  variable  with  c2/d  dagraaa 
of  fraadow,  vhara  c  •  oj  ♦  o^  +  aad  4  •  o£  ♦  <*y  ♦  that 

equation  (1)  can  ba  rawrlttaa  aa 

OH?  -  Pr(cl*/d  1  cra/d)  •  »cll/d(e»a/d)  •  Fl2(r»).  (X) 

That  la,  aatlMtlaf  tha  CDF  of  da/d  la  equivalent  to  eatlaatlaf  tha 
CDF  of  Ia.  taping ing  tha  para— taro  e  and  d  by  Chair  aatlaataa 
(i.u, ,  *  •  ®j[  ♦  ♦  oj  aad  d  •  o£  ♦  o!t  ♦  oj) ,  wa  obtain  aa  aatlaata 

of  tha  aaaa  of  tha  approslaailas  Chl-equere  distribution  of  cta/d.  k 
Boodaaaa-of-flt  Mat  (ouch  aa  Chl*equare  or  Kolaoaorov-Salroov)  «aU 
ba  uaad  to  taat  wbathar  tha  aaparlaaatal  data  Mf ltaH  thla  approarfaatlat 
Cbl-aquara  dlatrlhutlon.  If  tha  taat  ahowa  aa  accapeabla  fit,  thla 
dlatrlhutlon  could  ba  wood  to  aatlaata  ORF  for  any  valoa  of  r.  If  tha 
Chl-nqaaxa  dlatrlhutlon  dona  not  provide  aa  acceptable  fit,  a  anarch  of 
othar  dlatrlhutlona  should  ba  aada. 
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If  t  theoretical  CD?  that  fits  the  observed  data  cannot  be  found, 
OHP  could  be  estiaated  using  the  eaaple  CDF,  or  ogive.  The  estimate 
thu  ofct.lMd  «o»ld  0.  tit  -  Fl2(r!)  - 
for  r2  c  (0,»). 


CHAPTER  V 


AREAS  FOR  FURTHER  INVESTIGATION 

While  writing  thla  thee it,  we  have  encountered  certain  prob lens 
toward  which  (we  feel)  further  research  effort  night  profitably  be 
directed.  Leek  of  tine  has  prevented  us  froa  working  on  these  probleas 
in  detail.  This  paper  is  concluded  with  a  brief  description  of  these 
probleas.  It  is  hoped  that  additional  work  will  be  directed  toward 
solving  some  of  then. 

One  problem  is  the  developnent  of  an  optiaal  flash-base  for  use  in 
accurately  locating  shell  bursts.  The  authors  have  presented  an  ^  hoc 
flash-base  configuration  in  this  paper,  but  they  feel  that  further 
Investigation  night  lead  to  a  aethod  of  designing  better  ones.  Several 
lnportant  questions  should  be  addressed:  How  many  observation  posts 
should  be  used  in  a  flash-base?  How  many  optical  instruments  should  be 
located  at  each  observation  post?  What  are  the  trade-offs  between 
accuracy  and  the  number  of  observation  posts  (and  the  nuaber  of  optical 
instruments  at  each)? 

Another  problem  involves  the  trade-offs  between  high  angle  and  low 
angle  fire.  The  former  is  more  lethal  against  certain  types  of  targets, 
but  the  latter  is  more  accurate.  What  are  the  OHP's  of  various  weapons 
systems  using  high  angle  fire?  Do  observers  require  more,  or  fever, 
rounds  to  adjust  on  a  target  when  high  angle  fire  is  used?  Under  what 
conditions  is  high  angle  fire  preferred  to  low  angle  fire? 

Experiment at ion  of  the  type  discussed  in  this  paper  is  generally 
quite  expensive.  Thus,  it  is  desirable  to  develop  additional  methods  of 


-48- 


obtaining  meaningful  measures  of  a  system's  effectiveness.  In  Appendix  C 
the  author*  propose  the  use  of  ATT  data  to  estimate  sample  sixes  and  the 
number  of  missions  that  should  ba  fired  in  various  range  banda.  Theso 
cone id* rat ions  auggaat  several  questions:  Is  there  a  high  correlation 
between  the  estimate*  of  OHP  determined  experimentally  and  estimates 
determined  from  ATT  data?  What  modifications  (either  in  scenario  or  in 
data  collection  procedures)  in  the  ATT  would  be  necessary  in  order  to 
obtain  "good"  estimates  of  OHP  from  ATT  data?  Zs  it  possible  to  collect 
data  (for  estimating  OHP  and  other  measures  of  effectiveness)  under 
actual  combat  conditions?  If  so,  what  procedures  and  instrumentation 
should  be  used? 

The  "Adjust  Fire"  method  of  entering  fire  for  effect  presents  a 
fruitful  area  for  further  research.  This  procedure  has  been  used  to 
adjust  fir*  on  targets  for  a  number  of  years,  but  apparently  no  study 
has  been  made  to  determine  if  a  better  procedure  might  be  developed. 
Several  questions  need  to  be  answered:  Zs  the  observer's  procedure  of 
"splitting  brackets"  bast  (in  soma  sense),  or  should  some  ether  proced¬ 
ure  b*  used?  How  many  weapons  should  be  fired  during  the  adjustment 
phase?  What  procedure  will  yield  the  greatest  expected  level  of  damage 
to  targets  of  various  types  for  a  given  cost? 

The  procedure  currently  followed  for  precision  (destruction  and 
registration)  fire  should  b*  closely  examined.  Zn  c  precision  mission 
the  observer  follows  the  "Adjust  Fire"  procedure  until  he  enters  FFE. 

Once  the  FFE  phase  is  entered,  th*  observer  only  senses  the  rounds 
(e.g.,  "over-left,"  "short-right,"  "short-line,"  etc.),  and  the  FDC 


uses  s  standard  procedure  (described  In  detail  in  FM  6-40)  to  further 
adjust  the  fire  onto  the  target.  Is  this  "standard  procedure"  best? 

If  not,  shat  procedure  should  be  used? 

Finally,  the  authors  feel  that  hand  computational  procedures  in  the 
IDC  should  be  compared  with  the  Field  Artillery  Data  Computer  (FADAC) . 
What  are  the  advantages /disadvantages  of  the  FADAC  versus  hand  compute-* 
tlon?  Which  gives  the  greater  chance  for  error?  Is  the  Inability  to 
reconstruct  past  missions,  step  by  step,  a  serious  drawback  for  the 
FADAC? 
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APPENDIX  A 


GLOSSARY 

Area  Target  -  Target,  for  gunfire  or  boobing,  which  cover*  *  large  ere*. 
Area  targets  are  usually  composed  of  many  point  targets  that  are 
distributed  within  sons  geographical  area. 

Center  of  Inpact  -  The  geometrical  canter  of  the  dispersion  pattern  of 
a  group  of  rounds.  In  the  case  of  a  single  volley,  it  is  the 
center  of  this  one  volley. 

Deflection  -  1)  Setting  on  the  scales  of  the  sight  of  a  weapon  to  place 
the  line  of  fire  in  the  desired  direction.  2)  Horizontal  clock¬ 
wise  angle  between  the  axis  of  the  tube  and  line  of  sight. 

Direct  Fire  -  Fire  delivered  at  close  range,  by  an  artillery  weapon  or 
a  tank,  on  a  target  which  is  visible  to  th«  gunner. 

Fire  for  Effect  -  Consists  of  a  nuebsr  of  rounds  fired  singly  or  in 

groups  or  volleys  in  sufficient  volume  to  attain  the  desired  effect 
on  a  target. 

Indirect  Fire  -  Fire  delivered  at  a  target  that  cannot  be  seen  from  the 
gun  position. 

Inherent  Errors  -  If  a  nuaber  of  rounds  fron  the  sans  lot  of  ammunition 
are  fired  fron  a  single  weapon  with  identical  settings  in  quadrant 
elevation  and  deflection,  all  the  rounds  will  not  fall  at  a  single 
point,  but  will  be  scattered  in  a  pattern  of  bursts.  This  disper¬ 
sion  is  due  to  inherent  errors,  which  are  a  result  of  condition* 
in  the  bora  of  the  gun,  conditions  in  the  carriage  of  the  gun,  and 
environmental  conditions  during  the  flight  of  the  projectile, 
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Mixed-Lot-Mission  -  A  fire  mission  in  which  the  ammunition  corns*  from 
more  than  one  manufacturer's  lot.  (Firing  corrections  may  vary 
for  different  lots.) 

Non-Standard  Firing  Conditions  -  Certain  atmospheric,  position,  asd 
materiel  conditions  are  accepted  as  standard.  These  conditions 
are  described  in  the  introduction  to  firing  tables,  Any  other 
firing  conditions  are  considered  to  be  non-standard. 

Operational  Probable  Errors  -  Probable  errors*  measured  under  opera¬ 
tional  conditions. 

Orienting  Line  -  A  line  of  known  direction  established  on  the  ground 
sad  used  as  a  reference  line  in  survey  or  in  aiming  artillery 
pieces. 

Point  Target  -  A  particular  object  or  structure  such  as  a  man,  a  bridge, 
or  a  bunker. 

Position  Area  -  The  area  in  which  the  command  and  firing  elements  of  a 
battery  are  located. 

Probable  Errors  -  Measure  of  the  distribution  of  impacts  about  the 
mean  polut  of  impact  for  a  single  weapon j  it  is  also  defined  as 
that  error  which  is  exceeded  approximately  as  often  as  it  is  not 

exceeded. 

Quadrant  Elevation  -  The  smaller  angle  at  the  origin,  measured  in  a 
vertical  plans,  from  ths  bss*  of  the  trajectory  to  the  line  of 
elevation.  (The  base  of  the  trajectory  is  the  straight  line  from 
the  origin  to  a  point  on  the  descending  branch  of  the  trajectory 
idiich  is  at  the  same  altitude  as  ths  origin.)  Roughly  speaking, 


this  is  the  vertical  angle  measured  between  the  axis  of  the  gun 
tube  and  the  horisontal  plane. 

Salvo  Fire  -  A  method  of  fire  in  which  weapons  are  discharged  one  after 
the  other,  usually  at  intervals  of  two  seconds. 

Sensing  -  The  location  of  a  point  of  burst  or  impact,  or  msan  point  of 
burst  or  Impact,  with  respect  to  the  target,  such  aa  over,  short, 
air,  left i  or  right. 

Sheaf  Width  -  The  lateral  distance  (perpendicular  to  the  dlroetlon  of 
fire)  between  the  mean  points  of  burst  of  the  flank  rounds. 

System  Errors  -  Hie  bias  and  dispersion,  about  the  target  center  or 
aiming  point,  of  fire  delivered  by  weapons  systems.  They  are 
attributable  to  both  Inherent  errors  and  errors  caused  by  the 
operational  environment. 

Volley  Fire  -  A  method  of  fire  in  which  each  section  fires  a  specified 
number  of  rounds  without  atteaptlng  to  synchronise  its  fires  with 
the  other  sections. 

Weapons  System  -  One  or  more  weapons  with  component  parts,  person¬ 
nel,  and  procedures  required  for  its  operation.  The  operation  of 
the  system  is  initiated  when  a  target  is  detected  end  terminated 
upon  completion  of  firing. 
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APPENDIX  B 


THE  APPROXIMATING  CHI-SQUARI  DISTRIBUTION 


We  now  consider  the  problem  of  finding  the  distribution  (or 
approximate  distribution)  of  e  sun  of  squares  of  independent ,  but  not 
identically  distributed,  normal  random  variables.  Thet  is,  we  wish  to 
find  the  distribution  of  R2  »  X2  +  Y2  +  Z2,  where  the  veriebles  ere 
as  described  in  Chapter  111.  Aasuae  that  X  is  distributed  N(0,o£), 
T  is  distributed  N(0,c2) ,  z  is  distributed  N(0,o|) ,  and  suppose 
the  random  variables  are  independent.  The  approximate  distribution  of 
R2  la  given  by  tbs  following  theorem i1 

Let  n^/o2  (1  •  l,2,...,k)  be  independently  distributed  aa  x1^) • 


K  K 

let  y  •  I  g.0?  (y  *  0).  and  g-  l  g4X..  Then  u  •  ng/Y  is 
1-1  i-1  1  1 

approximately  distributed  as  x2(n)«  where 

<l4l°i>2 


n  - 


As  a  consequence  of  our  assumptions  of  independent  normality, 

X2/o£,  Y2/o2,  and  Z2/o2  are  independently  distributed  as  xa(l)>  By 
letting  i4  •  1,  we  get  Y  *  oj[  +  «y  *  °z  ***  •  •  I*  ♦  T1  ♦  I2  •  R*. 

loi  ♦  o2  +  of  \ 

A.  J— a  | |i  i»  approximately 

\° X  *  °Y  *  *E  /  2 

■  jjf 


The  theorem  above  then  assarts  that 


distributed  ss  a  Chi-square  random  variable  with 
degrees  of  freedom. 


(o%  +  of  ♦ 

<oj  ♦  o J  *  oj) 


Franklin  A.  Orsyblll,  An  Introduction  to  Linear  geatlatlaal  Medela. 
Volume  I  (New  Yorki  McGraw>Hl?l  Book  Colony,  Ins.,  1911} ,  pT  169* 
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APPENDIX  C 


ESTIMATING  SAMPLE  SIZES 

The  saaple  size  for  zn  experiment  sight  be  based  upon  tho  following 
criteria: 

1)  tho  assused  distribution*  of  tho  rondos  variables  to  bo 
observed  during  tho  experiment, 

2)  certain  goal*  (possibly  arbitrary)  In  oatisating  (the  chosen 

parameters, 

3)  the  cost  of  oaspllng,  and 

A)  tho  availability  of  the  sasbors  of  tho  population  to  bo  oasplod. 
If  wo  Initially  aaauso  that  tho  availability  and  cost  constraints  are 
not  active,  than  "required  saaple  also**  would  naan  the  predicted  aanple 
also  nocossary  to  achieve  tho  stated  goals,  given  that  tho  rondos  vari¬ 
ables  will  bo  aaapled  froa  tho  specified  distributions.  Ivan  In  this 
"ideal  case,"  tho  p rob las  of  dotorsinlng  required  saaple  alas  for  an 
experiment  la  a  difficult  one.  There  la  seldoa  agreement  as  to  which 
goal  should  be  selected,  and  it  la  difficult  to  predict,  a  priori,  the 
distributions  of  tho  random  variables  to  be  observed  during  the  experi¬ 
ment.  After  amo  consideration,  the  experlasntor  must  make  a  decision 
aa  to  which  goal*  he  considers  most  import ant.  Once  this  decision  la 
aede.  It  aay  bo  possible  to  eetlaete  the  required  sample  also,  provided 
Inferences  can  be  drawn  about  the  distributions  of  the  random  variables 
Involved.  The  letter  aay  be  done  in  various  ways.  Per  exaaple,  some 
times  personnel  who  have  had  experience  with  similar  experiments  cam 
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furnish  subjective  inferences  concerning  the  likely  distributions  of 
the  experimental  random  variables.  On  other  occasions  available  data* 
similar  to  the  date  which  will  be  collected  during  the  experiment,  may 
be  used  in  drawing  inferences  about  the  distributions  of  these  random 
variables.  In  still  other  cases,  theoretical  developments  may  indicate 
appropriate  distribution  assumptions,  or  literature  may  be  available 
which  sheds  light  upon  the  distributions  likely  to  be  encountered. 

After  die  required  sample  site  has  boon  estimated,  the  experimentor 
should,  in  most  cases,  check  whether  the  coat  or  availability  (of 
sample  unite)  constraints  are  violated.  If  either  constraint  is  vio¬ 
lated,  the  required  sample  else  aitfit  have  to  be  reduced  accordingly. 

'  During  annual  Any  Training  Teste,  accuracy  data  le  recorded  for 
all  artillery  unite,  the  authors  feel  that  this  data  night  be  similar 
to  the  accuracy  data  that  would  bu  obtained  (later)  in  tbs  experiment, 
so  AIT  date  might  he  useful  in  estimating  the  required  sample  eice. 

The  phfaee  "required  sample  site"  is  used  here  in  two  senses t  as 
enamor  of  volleys  that  should  ha  fired  in  each  data  call  end  the  number 
of  units  that  should  bs  used  in  firing  those  volleys.  Our  suggested 
procedure  for  obtaining  these  estimates  will  be  essentially  the  same 
as  previously  discussed;  that  is,  first  estimate  each  required  sample 
sloe  by  considering  some  stated  goal  sod  the  inferred  distribution 
(booed  oa  ATT  accuracy  date  and  theoretical  considerations)  of  the 
expert men tel  random  variables,  them  check  to  see  if  a  cost  constraint 
or  am  availability  constraint  in  active. 
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A a  was  stated  in  Chapter  IV,  our  ability  to  accurately  estimate  OHP 
(for  a  given  r)  will  depend  upon  our  accuracy  in  cat lasting  the  CDF 
of  H2.  For  the  reasons  given  in  Appendix  B,  ve  feel  that  tl2/d  will 
be  an  approxiaataly  Chi-square  distributed  randoa  variable  with  c2/d 
degrees  of  freedoa,  where  c  -  o2  ♦  ?2  +  o|  and  d  •  oj|  ♦  ♦  o£. 

Hence,  the  quality  of  our  OHP  estlaatas  could  vary  well  be  aasuaed  to 
depend  upon  our  ability  to  accurately  astiaata  c2/d,  the  naan  of  the 
approximating  Chi-square  distribution.  However,  c2/d  is  solejLv  a 
function  of  the  variances  of  X,  T,  and  Z,  the  alas  distances  to  the 
coordinate  directions.  Therefore,  our  ability  to  accurately  estimate 
c2/d  will  depend  upon  our  accuracy  to  eatlaatlag  these  three  variances 
fram  axnarlnsmtal  data.  Toa  difficulty  liae  to  the  fact  that  experi¬ 
mental  data  wiU  not  ba  available  until  after  the  exper leant  is  conducted. 
Hence,  toe  authora  propose  that  estimates  of  required  samp Is  slsea  should 
be  baaed  upon  accuracy  data  that  to  currently  available;  namely,  ATT  date. 

During  ATT' a,  flaeh-baee  techniques  are  used  to  estimate  the  points 
of  impact  of  individual  round#  to  FFB,  and  a  center  of  impact  to  com¬ 
puted.  Since  height -of -bur at  data  is  not  recorded,  it  is  impossible  to 
estimate  the  variance  (o|)  of  mine  distance  to  the  1-coo rdinste  direc¬ 
tion.  However,  under  toe  no reality  eeeumptlooa  of  Appendix  I,  the  menl- 
aum  likelihood  eettoete  of  o2  would  be 


smd  similarly  for  o2.  For  low-angle  fire,  the  variance  to  range  will 
probably  emceed  the  variance  to  deviations  tost  to,  to  peat  experience. 


s|  hat  almost  always  bean  greater  than  S^.  It  is  reasonable  to  assume, 
therefore,  that  o£  will  "drive"  the  problem.  In  other  words ,  if  we 
choose  a  sample  size  that  will  achieve  some  stated  degree  of  accuracy  in 
estimating  o£,  we  should  be  assumed  of  achieving  a  higher  degree  of 
accuracy  in  estimating  o*  and  o|  in  the  experiment.  Therefore,  we 
have  considered  only  the  problem  of  estimating  <?|  to  the  required  pre¬ 
cision  in  order  to  obtain  an  estimate  of  the  required  number  of  volleys 
for  each  data  cell.  Any  of  a  number  of  other  schemes  could  be  used  ea 
well. 

For  thalr  stated  goal,  the  authors  have  decided  to  require  the 
expected  length  of  e  1  -  o  per  cent  confidence  lntervel  on  ol  to  bo 
equal  to  the  burst  radius  (B^)  of  a  projectile  of  £ha  appropriate  type. 
If  X  (miss  distance  parallel  to  the  gun-target  line)  is  normally  dis¬ 
tributed,  nS|/o|  is  dlstrlbutad  as  s  Chi-square  random  variablo  with 
n  -  1  degress  of  freedom,  A  1  -  a  per  cent  confidence  interval  on 
a l  can  be  obtained  ae  follows: 

X  •  •  ;>  t 

1  -  «  -  it h\^n  <  nsj/oj  -  XJ/2) 

■  Pr|nSX/><a/2  <  °X  *  nSX/*l-»/21  • 

where  n  is  the  total  number  of  observation*  on  tha  random  variable  X, 
and  x£/2  th*  10° (1— a/2)  percent lie  of  the  Chi-square  distribution 
with  n  -  1  digress  of  fretdom.  Equating  ths  axpacted  length  of  this 
confidence  Interval  to  the  burst  radius,  one  obtains 

E[L]  -  EtaSx/xl-a/2  “  aSX^xa/2^  "  BR  * 
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Solving  for  BR,  we  obtain 


V  <-»(- r1- 

\  xl~a/2 

The  burse  radius  of  the  particular  projectile  being  need  In  the  eaperi- 
nent  would  be  known,  and  o*  can  be  cetiasted  by  SR  ftua  AIT  accuracy 
data.  Thus  (2)  can  be  solved  for  a,  the  required  auaher  ad  walleye 
for  each  data  cell.  Rote ,  however,  that  a  alee  specif  lea  the  particu¬ 
lar  Chi-square  distribution  frou  which  the  *•*  *l-o/2 

are  determined,  and  a  eolation  for  a  neat  taka  this  lata  serene t.  An 
iterative  procedure  way  be  need:  first  cheese  s,  and  thee  check  to 
see  if  (2)  is  satisfied.  If  not,  cheese  e  different  e  and  gaehack  (2). 
If  so,  determine  whether  a  aneller  a  will  satisfy  (2).  Cent  lane  in 
this  fashion  until  the  snallest  integer  a  that  neat  nearly  satisfies 
(2)  is  found.  This  iteration  process  should  apt  ha  very  tlne-coatwnlag, 
since  very  few  iterations  (usually  lass  than  IP)  ehaald  be  required  to 
find  tiie  appropriate  n. 

Available  AIT  d«tr,  pert-l-.u.*  *o  numerous  artillery  unite  (of  the 
given  type),  firing  et  neny  different  raagae,  under  varioaa  firing  con¬ 
ditions,  would  be  used  to  satinets  a  by  the  shuns  procedure.  The 
estimate  n  (of  required  staple  else)  thus  obtained  ueuld  raptusunt 
the  nuaber  of  volleys  to  be  fired  (la  each  date  cell)  by  "average"  units 
in  "average"  situations.  Therefore,  Abu  ueuld  seen  to  be  •  mas  suable 
estlaste  of  N,  the  total  nuaber  of  volleys  to  be  fired  i*  the  experl- 
aent  (using  the  reduced  firing  aatrix  of  Ab  data  eella). 


-«1- 


While  48n  represents  the  total  required  sample  size,  it  may  be  pos¬ 
sible  to  allocate  these  observations  in  a  way  "more  efficient"  than 
simply  n  to  a  cell.  We  shall  Illustrate  this  with  a  consideration  of 
the  allocation  over  range  bands.  In  Chapter  II,  we  suggested  that  the 
independent  variable  "Gun-Target  Range"  be  divided  into  three  repre¬ 
sentative  range  bands.  The  firing  of  n  volleys  in  each  data  cell 
would  not  take  into  account  available  information  concerning  these  range 
bands.  Specifically,  the  authors  feel  that  Intelligence  information  and 
previous  accuracy  data  should  be  used  as  a  basis  for  estimating  the 
number  of  missions  to  be  fired  in  each  range  band.  The  intelligence 
Information  might,  for  example,  take  the  form  of  a  predicted  distribution 

;•  V,c.  ' 

of  enemy  targets,  as  shown  in  Figure  4.  The  accuracy  data  could  be  pro- 
vided  from  the  ATT  data  (already  used  in  estimating  oz),  segregated  by 

•  ■  -  ■  '  i  > •  v  ... 

range  band.  The  following  discussion  shows  one  method  of  using  this 

*  mi  •  ■'*/  -  r.%  -  • 

information  to  obtain  reasonable  allocations  of  the  number  of  missions 

.  |  i.  !,  .  .  •.  i  t 

to  be  fired  in  each  range  band.  For  the  sake  of  simplicity,  we  consider 
only  the  short-range  band  (R.B.Il)  and  the  medium-range  band  (R.B.I2). 
However,  the  development  is  general  and  could  be  extended  to  any  number 

*  t 

.  » f '  «  :  '  '  • 

of  range  bands. 

As  stated  previously,  the  accuracy  of  an  estimate  of  OHP  will  depend, 

,  «  y  .  ' 

among  other  factors,  upon  our  ability  to  determine  experimentally  the 

,  *  *  .  i  , 

CDF' a  of  R2.  To  obtain  "good0  estimates  of  these  CDF's,  it  is  necessary 
to  accurately  meaaure  the  observed  Rz  for  each  volley  fired.  A  reason¬ 
able  approach  toward  achieving  the  desired  degree  of  accuracy  might  be 
to  obtain  "beat"  (in  some  sense)  estimates  of  u^2,  the  mean  cf  the 
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PREDICTED  ENEHY  TARGET  DISTRIBUTION 
(Hypothetic*!) 


squared  radial  miss  distances,  for  each  range  band.  The  sense  in  which 
we  use  the  word  "best"  is  discussed  below. 

We  shall  use  the  following  notation: 

is  miss  distance  parallel  to  the  gun-target  line  in  range 
band  i,  i  -  1,  2  ; 

Yi  is  miss  distance  perpendicular  to  the  gun-target  line  (in  the 
horizontal  plane)  in  range  band  i  ; 

Z^  is  vertical  miss  distance  in  range  band  i. 

Additionally,  we  make  the  following  assumptions. 

1)  X.  is  distributed  N(0,o*  ),  i  ■  1,  2  ; 

Y.  is  distributed  N(0,c£  ); 

1  .  Yi 

Z,  is  distributed  N(0,o£  ). 

1  Zi 

2)  The  predicted  distribution  of  enemy  targets  indicates  that,  In 
a  total  of  V  +  H  missions  fired,  it  is  expected  that  V  missions  will 
be  fired  in  range  band  #1  and  W  missions  in  range  band  #2. 

3)  No  more  than  N  missions  may  be  fired  during  the  experiment. 

Note  that  the  number  n  may  be  equal  to  48n  (determined  previously) ,  or 

it  may  be  provided  by  a  .budgetary  or  other  constraint,  whichever  is 

smaller.  Thus  our  problem  is  one  of  allocating  N  observations,  between 

R.B.Il  and  R.B.I2,  in  order  to  obtain  "best”  estimates  of  *n<*  W„2i 

HL  R2 

where  R*  -  X*  +  Y*  +  zj,  i  -  1,  2. 

The  word  "beet"  may  be  interpreted  in  terms  of  minimal  quadratic 
loaa.  Toward  this  and,  we  have  assumed  the  following  loss  functions  for 
any  estimators  end  jjR2  of  Wj^  end  yRj,  respectively: 
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l,(u02)  *  (yB2  -  u»2)‘  given  R.BJ 
1  *1  R1  *1 


L^p^)  “  <***2  “  »1R2>2  !**•*»  **®*W  • 

It  Is  well-known  that  18  elnlelsed  by  taking  u^j  «  I*.  The 

total  expected  lose,  E[L],  la  given  by 
EtL]  -  pL^)  +  df)  . 


p  •  la  the  probability  of  firing  a  alas  lew  In  l.B.fl,  end 


q  -  (1-p)  - 


la  the  probability  of  firing  n  n&aelee  la  1.1.12. 


Sots  that  p  aad  q  nay  he  interpreted  as  prior  probabilities  an  the 
diet rlbnt ions  cf  R*  and  R^,  respectively. 

Let  n-  (unknown)  be  the  nindiir  of  niealeas  that  aheeld  be  fired 


in  R.B.Il  and  ^  ( 


)  be  the 


far  I.l.il.  Then 


our  problea  reduces  to  the  following: 

MINIMIZE:  p(«2  -  p^)1  +  q(l|  -  p^)* 


SUBJECT  TO:  a,  +  Sj  •  M  . 

By  asking  the  appropriate  substitutions,  system  (3)  can  be  rewritten  as: 
MINIMIZE:  VarOtJ)  +  ^  Var(*|) 


SUBJECT  TO: 


where  Varf*^]  -  2(cjj^  *  -f 

—  V«c[i§J  -  ♦  oj^/n,  . 


(Theee  variances  will  be  derived  belew.) 


2 

The  positive  constant  term  will  not  affect  the  minimization, 

ao  it  nay  be  deleted.  Finally,  we  have 


MINIMIZE!  [0$  +  +  a  £  1  +  ~  to*  +  o*  +  o*  } 

nl  X1  Y1  Z1  n2  X2  Y2  Z2 


SUBJECT  TO:  nx  +  n2  -  N  . 


The  Lagranglan  for  the  system  (5)  may  be  written  as: 


X  *  ~T.  [°i  +  at  +  a7  1  +  t°v  +  av  +  °7  ]  -  *[n.  +  n-  -  N]  . 
°1  X1  Y1  Z1  n2  *2  Y2  Z2  1  2 


Taking  partial  derivatives  and  setting  them  equal  to  zero,  we  get: 


-Vt  oi  +  ah  *  a*  ] 


-  X  -  0 


-w [o*  +  a*  +  a*  ] 

tt  _  H  Y2  Z2_ 

3n2  n* 


-  X  -  0 


If  •  "l  +  “2  -  "  '  0  • 

Solving  the  first  two  partial  derivative  expressions  for  X,  one  obtains: 


^  [o*  +  o*  ♦  o*  ].-  »  [«}  +  aj  +  o{  J  . 

n*  X1  T1  Z1  n|  *2  Y2  Z2 


The  above  equation  can  be  solved  to  get  the  ratio  of  missions  to  be  fired: 


As  mentioned  previously,  ATT  data  does  not  Include  Z -coordinate 

information,  so  o|  and  o|  cannot  be  estimated  and  are  therefore 
Z1  Z2 

deleted.  Replacing  the  remaining  squared  variances  in  (7)  by  their  maxl- 

■im  likelihood  estimates,  we  get: 
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(3) 


„  /V[(S2  )2  +  (S|  )?] 

!t  ;  /  1  i 

a2  J  w{ (s£  )2  +  <s*  )2i 

V  *?  *2 

3^  -  i 

*i  - ;  j.xu  • 


i-1 

■  Is  the  nuaber  of  missions  find  la  X.B.Il  (for  which 
ATT  data  is  available),  and 

is  the  distance  in  tbs  X  direction  (In  1.1.11) 
die  target  center  and  the  Cl,  for  the  l  volley. 

Similar  computations  can  bo  ned*  to  gat  sj^,  s|  ,  and  «  Finally, 
under  the  assumption  that  n^  and  are  continuous,  (8)  caa  be  solved 
explicitly  for  ru  (or  n^)  to  obtain: 

M 


wt(sL)2  <sr )2] 


1  + 


and  o^j  -  H  -  n, .  Once  this  solution  la  obtained,  appropriate  integer 

4  X 

*****  5J»f?t  V  i  no  •'  U"-  ‘  '  .--r-.  -  r  4  •  *  ’ 


values  of  and  nay  be  selected. 

TO  ,  s*b.tj>0*  ••  c.'  ;.v  J :i  '  '!>•  '  '  •  . 

The  variances  that  were  substituted  into  the  aye tan  (4) 

•  j  ,  t :  ~  ’  >i.‘  •  •  ■  ■  .  .  ■ 

derived  as  follows.  Consider  only  the  short -range  bend, 

where  X^  ie  distributed  b{0,o*  )  , 

*<i  f •  v.  .«  ■  •  --il  *  ■  , j  .  i- 

T.  ie  distributed  K(0,o*  )  , 

7  *  -  '■>  ■’  !  *  *•  ;  T  ■ i  \  -  >. 

Z.  is  distributed  8(0, o*  )  . 

1  *1 


X  X2 

Then  -  Is  distributed  N(0,1),  so  that  — is  distributed  x2(l), 

and  similarly  for  Y^  and  Z^. 

The  Chi-square  random  variable  with  k  degrees  of  freedon  has  a 
variance  of  2k,  hence  Var[S?/o2  ]  ■  2  and  Var[X?]  •  2<j£  .  Similarly 

X 

we  get  Var(Y2]  -  2o*  and  Var(Z2]  -  2o^  . 

1  Y1  1  Z1 

Ue  can  find  the  variance  of  R2  ■  X2  +  Y^  +  Z2  as  follows: 

Var[R*J  •  V*r(X2  '+  Y2  +  22] 

-  Var[X2]  +  Var{Y2]  +  VarfZ2] 

(by  the  assumed  independence  of  X^,  Y^,  and  Z^) 

-  2(o£  +  Oy  ♦  oj  >• 

*1  Y1  Z1 


Hence, 


A  simile?  computation  can  he  carried  out  to  obtain  the  variance  of  R|  . 

It  should  be  noted  that  the  above  technique  represents  only  one  of 
many  possible  ways  to  allocate  R  missions  between  range  bands,  or 
between  levels  of  other  factors.  Having  obtained  a,  and  Oj,  the 
experlmmntor  could  require  that  n^/24  volleys  be  fired  for  etch  date 
cell  of  the  short-range  bend,  and  tx^li  volleys  for  each  data  cell  of 
the  long-range  hand.  Note  that  we  era  assuming  the  reduced  firing  matrix 


with  48  date  cells  is  used. 


Vc  now  consider  Che  problsa  of  estlantlag  the  uanbcr  of  tost  antes 
that  should  be  used  for  Che  experiment.  The  following  dlsceseien  shows 
how  AIT  dots  sight  also  be  usod  to  obtain  this  set  las  te. 

The  amber  of  test  units  required  for  the  experineat  should  depend 
(prisnrlly)  upon  the  varlci"  lity  among  artillery  suite.  The  anthers  feel 
that  us  an  redial  sias  distance  provides  a  suitable  nsssurs  of  s  unit's 
accuracy,  so  the  distribution  of  naan  radial  nlas  distance  for  a  tandoaly 
selected  unit  sight  be  uaed  to  •stinata  the  required  aanple  else  (nasber 
of  test  units)  for  this  experiment. 

As suss  thst  ATT  date  is  available  f  row  G  salts,  each  of  which 
fired  e  total  of  R  nieslons  during  the  ATT<  Lot  denote  the 

radial  Mae  discanca  of  the  FFB  volley  of  tho  t  sissies  firv 1  by  the 
I**1  unit  (i  •  1,  ....  H;  j  •  1,  ...»  C).  ATT  data  canid  he  uaod  to 

1  a 

coupute  y.  *  *:  \  K  ,  the  eetiawted  near  redial  else  distance  for 

3  d  i-l 

suit  j.  This  c Jap st at low  should  be  carried  set  for  each  of  the  unite 
and  the  reunite  wood  to  obtain  an  snpirlcul  Ustribstian  (hletegraa)  of 
the  randen  variable  Uj,  tbs  naan  radial  alas  distance  of  s  readonly 
selected  wait.  The  Central  Liait  Tbeersn  leads  ns  te  sanjsctaae  that 
Kj  is  (epptoslautely)  e  sevanlly  distributed  randan  variable.  A 
psodnssa-of-ftt  test  could  be  applied  to  tent  tie  eae unptieu  of  not- 
aality.  If  the  tsst  shows  that  a  aorusl  Ustriktlss  provides  an  accept- 
able  fit,  chat  particular  aorael  die trlhut leu  could  be  uaod  to  eotinate 
the  requited  amber  of  teat  unit*. 

To  obtain  this  eetinate,  o  procedure  aladlar  to  that  uaod  for  asti- 
uatlag  a  could  bo  saed.  for  oaaaplo,  tho  a spas tad  lasgtb  of  a  1  -  • 


per  cent  confidence  interval  on  y  (the  mean  of  y  )  could  be  set  equal 
to  some  selected  value.  For  y^  distributed  normally  with  unknown 
variance,  /m-1  (yT  -  y)/S  is  distributed  as  a  t  random  variable 
with  m  -  1  degrees  of  freedom,  where  tn  is  the  number  of  test  units 
required  for  the  experiment.  A  1  -  3  per  cent  confidence  interval 
on  y  can  be  obtained  as  follows: 

1  "  °  ■  ^-*0/2  <  “  y)/SyT  <  Ca/23 

*  '  c0/2  <  “  <  +  ca/2  Sv/^  1  » 

J  J 

where  t^^  1®  the  100(l-o/2)  percentile  of  the  Student's  t -distribution 

x  G  A 

with  m  -  1  degrees  of  freedom.  Note  that  y.  *  —  £  y.  and 

3-1  3 

L  G  ~  ~  ’ 

S  *  1  /-r  I  (y.  -  PT)2  can  both  be  obtained  from  ATT  data.  As  was 
“j  V G  j-i  *  J 

done  previously,  equating  the  expected  length  of  the  above  confidence 
interval  to  some  appropriate  constant  will  provide  an  estimate  of  the 
number  of  test  units  required  for  the  experiment. 
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